Received February 28, 2011 . Accepted April 18, 2011 . Available online May 13, 2011 . Published June 13, 2011. Vaccines have proven to be a very effective strategy to reduce the burden of infectious diseases. One human viral pathogen has already been totally eradicated, a veterinary viral disease is likely to be declared vanquished in the following months, and several other infectious diseases have been controlled by the use of vaccines. Smallpox is a human disease caused by the virus variants Variola major or Variola minor and was responsible for killing up to 2 million people/year and disfiguring millions more until its control. This terrible disease was considered to be eradicated after 30 years of vaccination efforts worldwide. On December 9, 1979 , the World Health Organization (WHO) announced the eradication of smallpox, the first infectious disease eradicated in the World, using basically a live cow pox virus vaccine first developed by Jenner in 1796. Recently, on October 14, 2010, the Food and Agriculture Organization of the United Nations (FAO) announced that a 16-year effort has succeeded in controlling rinderpest, a deadly infectious disease of cattle caused by a virus closely related to canine distemper and human measles viruses, and that the field surveillance has ended. For this disease to be declared eradicated, the World Organization for Animal Health has to issue an official declaration recognizing the demise of the rinderpest disease at its May 2011 Meeting. Again, rinderpest in cattle is being eradicated through the use of an attenuated goat-adapted virus developed by Walter Plowright through serial passages of the pathogen in tissue culture (1) . This will be the first veterinary infectious disease and also the second human disease eliminated from the face of the planet (2) . These accomplishments raise the natural question of which infectious disease will be the next to be eradicated.
The principle of prophylactic vaccination against infectious diseases is the priming of a specific adaptive immune response that will protect the host from a subsequent exposure to a pathogen. Vaccines can be composed of live attenuated organisms, killed whole-cell organisms or subunit components (3) . The yellow fever and small pox vaccines are examples of live-attenuated vaccines and are able to induce potent and protective immune responses that can last for several decades. The whole cell pertussis and the whole virus influenza vaccines are examples of whole organisms inactivated through chemical treatment. Examples of subunit vaccines are the hepatitis B and the acellular pertussis vaccines. In contrast to earlier developments, new vaccines tend to be composed of more defined components and though this strategy has led to safer profiles with less reactogenicity, it has become clear that when more purified components are used for vaccine formulations, weaker immune responses tend to be elicited.
Whereas vaccines composed of an entire organism present several antigens to the immune system and usually have sufficient immunostimulatory activity by themselves, vaccines composed of purified antigens commonly need the addition of components to potentiate the immune response. Such components are known as adjuvants.
Aluminum salts (alum) were the first adjuvants licensed for human vaccines in the 1920's and the licensure of novel adjuvants took about 80 years (4). One of the main reasons for this long gap is that the development of adjuvants was purely empirical, since the principles of adjuvant activity were largely unknown. Moreover, some adjuvants, such as Freund's adjuvant, were shown to elicit strong immune responses, but the associated reactogenicity was not acceptable for licensure. Recent advances in the understanding of the interplay between the innate and adaptive immune systems have shed light on the mechanisms of action of adjuvants. Based on this knowledge, development of new adjuvants can be now more rationally pursued. The role of the innate immunity activation in the adaptive immune response elicited by vaccines and also the use of complex adjuvant formulations for the development of efficient and cost-effective vaccines will be discussed in this review.
Innate immunity
The development of the immune system was a fundamental evolutionary acquisition that allowed the survival of organisms against internal and external insults. The immune system of jawed vertebrates can be divided into the innate and adaptive arms, which interact constantly as a unique system. The innate immune system is phylogenetically more ancient and is the first line of defense (5) , being able to induce a rapid and nonspecific response to the encounter of a pathogen, in contrast to the adaptive immune system, which depends on B and T lymphocytes. For instance, the adaptive immune system involves clonal selection of antibody-producing B cells to respond to foreign antigens and, although it works well, it has a major limitation since it takes 4 to 7 days to ramp up. During this period of time, pathogens can overwhelm and disseminate into the host. Dendritic cells (DCs), macrophages, neutrophils, natural killer (NK) cells and γδ T lymphocytes are cellular components of the innate immune system that respond to common structures shared by the vast majority of threats. Microorganisms can be in general sensed through the recognition of common components, the pathogen-associated molecular patterns (PAMPs). PAMPs are recognized through binding to receptors of the innate immune system, the pattern recognition receptors (PRRs). Several classes of PRRs have been described, including the Toll-like receptors (TLRs), the retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs), the nucleotide-binding domain and leucine-rich repeat containing receptors (NLRs), the C-type lectin receptors (CLRs), and others ( Figure 1 ). In this review, we will discuss in more detail the PRRs of the TLRs and NLRs classes. Other interesting reviews on RLRs or CLRs can be found elsewhere (6) (7) (8) (9) (10) (11) (12) . Thirteen TLRs have been identified in mammals, which can recognize many structurally different ligands through their distinct extra-domain (13, 14) . Ten TLRs (TLRs1-10) have been described in humans and their ligands have also been identified, except for TLR10 (15, 16) . Mice do not present a functional TLR10 due to an insertional mutagenesis of a retrovirus but have additional TLRs (TLRs11-13), besides those in common with man (TLRs1-9). The TLRs11-13 have been lost from the human genome (13) . TLRs can be located on the cell surface or in the membranes of endosomes and have different specificities for microbial components such as lipopolysaccharide (LPS) from Gram-negative bacteria (TLR4), lipoteichoic acid from Gram-positive bacteria (TLR2), flagellin (TLR5), and single-stranded RNA (TLR7) ( Table 1) . Depending on the TLR, they can form either a homodimer or a heterodimer. In fact, the activation of a TLR is more complex and may involve other components, accessory and co-receptor molecules depending on the system. Furthermore, TLRs bind not only to PAMPs but also to danger-associated molecular patterns (DAMPs), most of them of endogenous origin ( Table 1) . As an example of activation by PAMPs, LPS associates with the plasma protein LPS-binding protein (LBP) that binds to CD14, a glycosylphosphatidylinositol-and leucine-rich repeat containing protein. CD14 delivers the LBP-LPS to TLR4 that also recruits the MD-2 molecule ( Figure 2 ). A complex composed of two copies of TLR4-MD-2-LPS initiates the cascade of intracellular signaling (17) . On the other hand, high mobility group B-1 (HMGB1) protein is an endogenous DAMP that also binds to TLR4 and requires MD-2 and CD14 for TLR4 activation. Furthermore, HMGB1 can also mediate LPS transfer to CD14 to initiate a TLR4-mediated pro-inflammatory response, illustrating the complexity of interactions involving PAMPs, DAMPs and endogenous activators (18) . In fact, this complexity is much higher, since the endogenous ligands, besides functioning as activators, can also bind TLRs and function as suppressors, helping to control the inflammatory response potentially elicited by TLR activation. Recent findings are contributing to the understanding of how exogenous and endogenous factors activate TLRs and, although some evidence shows some overlap in the molecular machinery, DAMPs present some distinct mechanisms to PAMPs, resulting in different outcomes (19) . Upon stimulation, TLRs interact with specific Toll/interleukin (IL)-1R (TIR) domain-containing adaptor proteins, which provide specificity for TLR signaling. The binding of LPS to TLR4 leads to signaling through two different pathways. The first one involves the adaptor molecules TIRAP and MyD88 when pathogen-induced dimerization of TLR4 recruits MyD88 molecules and IRAK kinase enzymes that hierarchically assemble into a left-handed helical oligomerized tower for proper signal transduction, triggering NF-κB activation and expression of pro-inflammatory cytokine genes (20) . In this pathway, the transcription factor interferon regulatory factor 5 (IRF5) is also activated and translocated to the nucleus and binds to interferon-stimulated response element (ISRE) regions present in the promoter segments of pro-inflammatory cytokines (13, 21) . Interestingly, IRF5 is involved in the transcription of pro-inflammatory cytokines by all TLRs tested so far (22) . The other pathway is MyD88independent, involving the adaptor molecules TRAM and TRIF and leads to the expression of interferon-β (IFN-β; Figure 2 ) (23). Both pathways are highly complex and are initiated by the cytoplasmic TIR domain homologous to the IL-1 receptor portion of the TLR.
NLRs include a large family of intracellular sensors that can detect both pathogens and stress signals (24) . Again, the concept of recognition of PAMPs can thus be further extended to the idea of recognition of both extrinsic and intrinsic DAMP signals ( Table 1 ). The NLR is composed of a central nucleotide oligomerization domain (NOD), an Nterminal pyrin or a caspase recruitment domain (CARD) and a C-terminal leucine-rich repeat (LRR) ( Figure 1 ). Whereas stimulation of NOD1 and NOD2 (Figure 1 ), members of the NLR family, results primarily in the activation of the pro-inflammatory gene expression response (25) , other NLRs (like NLRP3), activate the caspase-1 that processes the inactive IL-1β and IL-18 precursors and eventually results in the secretion of the IL-1 and IL-18 active forms. The NLRP3 does not present the CARD domain, being incapable of recruiting procaspase-1. The recruitment of procaspase-1 by NLRP3 is mediated by another molecule, apoptosis-associated speck-like (ASC) protein containing a CARD, via interaction with the NLRP3 pyrin domain, resulting in the multimeric structure of the inflammasome ( Figure 3 ) (26, 27) . The inflammasome comprising NLRP3 can be activated by several triggers, including markers of host/environment-derived molecules (DAMPs) or by PAMPs. For instance, NLRP3 can be activated by ATP and K + efflux, by crystalline/particulate ligands and by reactive oxygen species (ROS) (28) . Interestingly, NLRP3 directly binds ATP and mutation of the nucleotide-binding domain of NLRP3 reduces ATP binding, caspase-1 activation, IL-1 production, cell death, macromolecular complex formation, self-association, and association with the inflammasome component ASC, suggesting a crucial role of ATP in inflammasome activation (29) . It has been proposed that NLRs provide a second line of defense against microorganisms, sensing membrane disruption caused by pathogens that have evaded cell surface PRRs. Again, the interconnections and cooperation between the systems are evident. For example, during the infection, the microorganism induces TLR-dependent cytosolic accumulation of the inactive IL-1β precursor. Activation of the inflammasome by molecules recognized by NLRP3 will catalyze the processing of the IL-1β precursor induced by TLR-dependent mechanisms (26, (30) (31) (32) . Besides cooperation, redundancy is also a feature of PRRs. Virus double-stranded RNAs are recognized by both TLR3 and RIG-1/MDA5 from RLRs. Bacterial flagellin is recognized by TLR5 and cytosolic and monomeric flagellin is recognized by Ipaf from the NLR innate system (33, 34) .
Modulation of adaptive immunity by innate immunity
In addition to their role in the innate immune response, PAMPs and DAMPs have an important function in T-cell differentiation and regulation of the adaptive immunity. The adaptive immunity involves the development of a specific response after a first encounter with a pathogen or antigen. The host thus becomes "primed" and is able to respond more rapidly to a subsequent exposure to the pathogen. Adaptive responses involve the engagement of specific B and T lymphocytes. In contrast to the innate immune system, which has a limited number of receptors that recognize conserved patterns, the specificity of the adaptive immune system is achieved through gene rearrangements and clonal selection (and expansion) from a broad repertoire of antigen-specific receptors on naive lymphocytes. It has become recently clear that signaling via the activation of the innate immune system is necessary for adequate adaptive responses against a pathogen. Activation of PRRs leads to the recruitment of cells of the immune system and to activation of antigen-presenting cells (APCs), increasing antigen uptake, processing and peptide presentation through major histocompatibility complex (MHC) I and/or II molecules. It also induces expression of cell-surface molecules, receptors and co-stimulatory molecules, required for T-cell contact and activation. Maturation of APCs is essential for priming antigen-specific naive T cells, influencing both the magnitude and the type of the T-and B-cell responses as well as the induction of memory cells ( Figure 4 ). After maturation, APCs migrate to secondary lymphoid tissues where they present the processed antigenic peptides to naive CD4 + T-helper cells through MHC II or to CD8 + cytotoxic T cells by the MHC I molecule. For instance, the activation of naive T-helper lymphocytes is triggered by the T-cell receptor (TCR) bound to the antigenic peptide presented in the MHC II context. However, co-stimulatory and co-receptor molecules are also necessary to trigger a proper response. CD80/CD86, CD40, CD54 and CD58 on APCs bind to CD28, CD154, CD11a, CD2 on T cells, respectively, establishing a complex and a close interaction (immunological synapse) between the cells (35) . Furthermore, this interaction in the presence of specific immunomodulatory molecules (IL-4, IL-2, IFN-γ, IL-12, transforming growth factor-β (TGF-β), IL-6, IL-13, IL-23, and/or other cytokines) will also define the type of lineage commitment of CD4 + T cells towards Th1, Th2, Th9, Th17, Th22, Tfh, iTreg, or NKT. In this regard, IL-12 is an important cytokine in the context of naive T cells polarizing to Th1 cells, whereas IL-4 is essential for Th2 cells. Therefore, the microenvironment induced by the DAMPs and PAMPs on APCs in concert with the antigen presentation on MHC II context in this case modulates and also defines the type of the resulting adaptive im-mune response against the pathogen (Figure 4 ). The use of DAMPs based on aluminum salts will produce polarized Th2 cells that produce IL-4 and IL-13 cytokines, leading to isotype class switching and affinity maturation, generation NLRs are activated by host/environment-derived molecules (DAMPs) or by pathogenassociated molecular patterns (PAMPs). NLRP3 is one member of these NLR proteins. NLRP3 can be activated by ATP and K + efflux, triggering a P2X7-dependent pore formation by the pannexin-1 hemichannel from where small PAMPs and DAMPs can reach the cytosol to activate NLRP3 resulting in the inflammasome formation. Alternatively, NLRP3 can be activated by crystalline/particulate ligands, which can lead to lysosomal rupture and cathepsin B leakage, activating the NLRP3 inflammasome in the cytosol. Generation of reactive oxygen species (ROS) by PAMPs and DAMPs can also activate the inflammasome. Activation of the inflammasome involves the formation of an oligomeric complex composed of activated NLRP3, ASC and Procaspase 1, primarily through the CARD and Pyrin (PYD) domains, resulting in the formation of penta-or heptameric inflammasome structures. Procaspases 1 undergo autoactivation in the inflammasomes to active caspases 1, leading to the processing and maturation of the pro-inflammatory IL-1β and IL-18 to mature IL-1β and IL-18. Several pattern recognition receptor (PRR) activations such as those induced by TLR ligands, induce the expression of pro-inflammatory cytokines, among them pro-IL-1β, that will be substrates of caspases 1, therefore connecting and potentiating these two (TLRs and NLRs) innate immune responses. ASC = apoptosis-associated speck-like protein containing a caspase recruitment domain; ATP = adenosine triphosphate; CARD = caspase recruitment domain; DAMPs = danger-associated molecular patterns; IL = interleukin; IRAK = interleukin-1 receptor associated kinase; NF-κB = nuclear factor-kappa B; NLRP3 = nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin domain containing 3; NOD = nucleotide-binding oligomerization domain; P2X7 = P2X purinoreceptor 7; TLR = Toll-like receptor. Based on Refs. 24 and 26. During a natural infection, several antigens are presented to the host in a context of stimulation of the innate immune system by different PAMPs (Figure 2) . Usually, an infection can lead to long-lived protection against the pathogen. Successful live-attenuated vaccines can mimic a natural infection and also induce robust adaptive immune responses. The live attenuated yellow fever vaccine YF-17D has been successfully used for the control of the disease since 1945. It induces a polyvalent immune response that includes the production of cytotoxic T cells, a mixed Th1/ Th2 cell profile and neutralizing antibodies that can persist up to 40 years (36) . Recent results have helped to elucidate the mechanism of protection elicited by this vaccine. Culture of human monocyte-derived DCs with YF-17D resulted in the induction of pro-inflammatory cytokines, including IL-6 and tumor necrosis factor-α (TNF-α). YF-17D was also an efficient inducer of the co-stimulatory molecules CD80 and CD86. Furthermore, dendritic cells derived from knockout mice for TLR2, TLR7, TLR8, TLR9 or the adaptor molecules MyD88 and TIRAP showed decreased secretion of proinflammatory cytokines or reduced activation of the NF-κB pathway when cultured with YF-17D. In vivo, immunization of MyD88 -/mice with YF-17D led to diminished numbers of CD4 + and CD8 + T cells expressing IFN-γ (37) . It is thus clear that YF-17D mediates its immunogenicity, in part, by signaling the innate immune system through multiple TLRs.
In contrast to earlier vaccines, newly developed vaccines tend to be more defined, including subunits of the pathogen and not entire organisms. Though these formulations have improved safety and reactogenicity profiles, they tend to have low immunogenicity by themselves. The lack of signaling through activation of the innate immune system is one of the main reasons for the decreased immune responses of subunit vaccines and the inclusion of adjuvants in the formulation is needed to achieve protective responses in most cases.
Mechanisms of action of adjuvants
Alum has been the only adjuvant approved for human use for decades and only a few others are currently licensed. MF59, an oil-in-water emulsion, and monophosphoryl lipid A (MPL), present in the adjuvant system AS04, are among the recently licensed adjuvants ( Table 2) . Some other adjuvant formulations are now undergoing clinical trials and some are expected to be approved soon (38) . Adjuvants can alter the delivery of the antigen or act as immunopotentiators, influencing both the amount and the quality of the adaptive immune response, including type and breadth. Delivery can be modified through the slow release of antigen and enhancement of uptake by APCs in emulsions and liposomes, for example, whereas immunopotentiators act through the activation of the innate immune system.
Alum is a very efficient adjuvant for diseases against which a neutralizing antibody response is needed, such as tetanus and diphtheria. It leads to a very high antibody response with a Th2 profile against the antigen in mice, and in humans the immune response tends to be a mix of Th2 and Th1 cells (39, 40) . Nevertheless, alum is a poor inducer of protective Th1-associated immune response, an important feature for the development of vaccines against intracellular pathogens (41) . Alum was thought for a long time to work only through the formation of a depot at the site of inoculation, which would enhance antigen uptake. It has been shown that antigens adsorbed to alum are presented as a particulate form, enhancing internalization by APCs (42) . Interestingly, the NLR pathway has been recently described as an important mechanism involved in the adjuvant response of aluminum salts. In vitro, exposure of cells to aluminum salts induces the activation of caspase 1 and the release of its known downstream pro-inflammatory targets, IL-1β, IL-18 and IL-33, mediated by NLRP3 (43) (44) (45) (46) (47) (48) (49) . It has been proposed that alum can cause necrosis, resulting in the production of uric acid, which in turn activates NLRP3. The role of activation of the inflammasome pathway is still controversial since some groups have shown that the NLRP3 pathway might be dispensable for the adjuvant activity of alum in vivo (43, 46) . In any case, it seems that NLRP3 is part of a pathway involved in the adjuvanticity of alum and it is possible that other signaling events are involved ( Figure 3) . As mentioned, the major drawback of alum is the poor induction of Th1 responses. A promising strategy for the development of new adjuvants is the use of TLR agonists that resemble PAMPs, which could provide a pro-inflammatory environment during the induction of the adaptive response, resulting in Th1-skewed responses. MPL is derived from Salmonella minnesota LPS and is able to bind and activate TLR4 (50) . It is interesting to note that while binding of LPS to TLR4 activates both the MyD88-TIRAP and TRIF-TRAM pathways (Figure 2) , MPL was shown to activate only the TRIF-TRAM pathway, which accounts for its adjuvant properties and low toxicity (23) . Other TLR agonists are also being tested for use as adjuvants, such as immunostimulatory molecules containg repeating sequences of cytosine phosphoguanosine (CpG) dinucleotides targeting TLR9 and the TLR7/8 agonists imiquimod and resiquimod (51) .
The idea of inducing potent and protective immune responses through the engagement of several PRRs has led to the concept of combining more than one DAMP or PAMP components in an adjuvant system ( Table 2 ) (52). The RTS,S vaccine against malaria has been tested in trials using different adjuvant formulations and the use of some adjuvant combinations was shown to lead to protection while others cannot. The use of AS02, an oil (squalene)-inwater emulsion of MPL and the saponin QS21, has led to some level of protection in immunized individuals (53) . On the other hand, AS03, an oil (squalene)-in-water emulsion, and AS04, a combination of aluminum hydroxide and MPL, induced high antibody levels but no protection. The use of AS01, a liposomal formulation containing MPL and QS21, showed a trend towards improved efficacy when compared to AS02 (54) . The combination of adjuvants is thus a very promising approach and some formulations are already approved for human use, such as the vaccines against human papilloma virus (HPV) and hepatitis B virus (HBV) combined with AS04 (Table 2) (52) . An analysis of the adjuvant AS04 with HPV antigens given intramuscularly showed that MPL was responsible for induction of cytokines and activation of NF-κB in muscle, as well as infiltration and activation of DCs and monocytes in the draining lymph nodes. Infiltrated cells showed increased expression of the co-stimulatory molecules CD40 and CD86. Furthermore, DCs from mice injected with ovalbumin (OVA) and MPL or OVA and AS04 stimulated more proliferation of Ag-specific CD4 + T cells compared to DCs from mice injected with OVA and aluminum hydroxide or OVA alone. AS04-induced innate responses thus seem to be due to MPL, with aluminum salts being able to prolong the cytokine response to MPL at the injection site (40) . Therefore, new trends in vaccine developments include the use of new adjuvants (PAMPs or DAMPs) based on new PRR agonists as well as the combination of these adjuvants, aiming at the programming of the magnitude and persistence of the desired immune response (55) .
Whole-cell pertussis vaccine as adjuvant
An alternative strategy to enhance the immune response against purified antigens is to take advantage of the adjuvant properties of licensed vaccines composed of whole inactivated organisms. The whole-cell pertussis vaccine (wP) has been used for several decades against whooping-cough and it is still included in the national immunization program in Brazil and in many other countries. Though several developed countries have now replaced it with an acellular formulation composed of purified proteins from Bordetella pertussis, the Pan American Health Organization concluded that there is no reason for Latin American countries to change from cellular to acellular vaccines based on safety and cost-effectiveness analysis (56) . Furthermore, various reactogenicity levels of wP have been reported, which may be related to the strains used in different countries. In fact, a recent paper has described differences in lipooligosaccharide structure and endotoxicity between distinct B. pertussis strains (57) . Still, new developments are being attempted in Brazil to further reduce reactogenicity problems, such as the development of a new vaccine that has reduced LPS content (wP low -for wP with low endotoxin level) after an organic solvent extraction, which was incorporated into the manufacturing process. This new vaccine was shown to be safe and to induce similar immune responses in a phase I clinical trial and is a good candidate for replacing the classical wP (58) . Since wP will continue to be given at 2, 4, and 6 months of age as part of the triple bacterial vaccine -diphtheria, tetanus and pertussis (DTP) -, it could serve as an adjuvant for co-administered antigens. The principle of its adjuvant activity is to take advantage of the activation of multiple receptors of the innate immune system through the several PAMPs presented in the wP.
The co-administration of wP and pneumococcal surface protein A (PspA), one of the most promising protein antigens for use as an alternative vaccine against pneumococcal infections, has been tested in this regard. Current pneumococcal conjugate vaccines are able to reduce both carriage and invasive disease caused by serotypes included in the formulations; however, the replacement of prevalent serotypes with non-vaccine serotypes has taken place and has led to reduced efficacy after some years of widespread use in children (59, 60) . Furthermore, conjugate vaccines have a very high production cost, limiting their use in developing countries. The immunization of mice through the nasal route with the PspA-wP combination elicited higher survival levels after a lethal intranasal challenge with pneumococci when compared to animals immunized with PspA only. Higher anti-PspA IgG levels in the serum and IgA in bronchoalveolar fluid samples were detected after immunization with PspA-wP. Not only the amount of antibodies was increased, but IgG1/IgG2a ratios were also reduced, indicating that the wP was able to modulate the immune response towards PspA to a more balanced polarized Th1 over Th2 immune response. Cross-reactivity with PspA from different pneumococcal strains was also increased. The adjuvant effect of wP did not involve TLR4 signaling, since mice that are non-responsive to TLR4 showed the same results as wild-type animals. Furthermore, the lower LPS content of wP low did not significantly alter the adjuvant activity (61) . The analysis of the local immune responses in the lungs of mice immunized with PspA-wP has further shown a very sharp inflammatory response, characterized by the infiltration of neutrophils and secretion of TNF-α that is rapidly controlled (Oliveira MLS et al., unpublished results). Finally, a single subcutaneous dose of the combination of DTP low (diphtheria -tetanus-wP low ) with PspA was also able to induce protection of mice against intranasal pneumococcal challenges (61). Besides LPS, several B. pertussis proteins act by subverting the immune system during infection (62, 63) . Interestingly, some of these components have already been described for their adjuvant properties when combined with antigens (64-67). The pertussis toxin (PT) is probably the best characterized among them and has been shown to increase immune responses against co-administered antigens both through the mucosal and parenteral routes of inoculation (64, 68) . Although signaling through TLR4 has been implicated in the immunomodulation by PT (69-71), proliferation of lymphocytes can also be observed in TLR4 knockout mice, thus suggesting other routes of activation (72) . The filamentous hemagglutinin (FHA) has also been shown to increase antibody responses towards different antigens when administered to mice through mucosal routes (67) . Single inoculation of FHA can induce total antibody production and the secretion of MIP-3α, a chemokine involved in the recruitment of dendritic cells to the site of inoculation.
Although several examples of the adjuvant activity of B. pertussis proteins can be found in the literature, some contradictory results are also observed. For example, suppression of immune responses in mice was described for both PT and FHA (62, 73) , which are considered to influence bacterial evasion from the immune system. In contrast to wP, acellular pertussis vaccines, which are composed of pertussis proteins, including PT and FHA, have been shown to decrease the immune response to combined vaccines (74, 75) . Therefore, the composition of the pertussis vaccine will clearly influence the final result. The essential components of wP for the adjuvant activity towards PspA, leading to protection against pneumococcal infection in mice, are still unknown. The combination of PspA and DTP could incorporate benefits of the adjuvant activity present in an already licensed vaccine for protection against pneumococcal diseases.
Final comments
After 80 years during which alum was the only licensed adjuvant, some new formulations were approved for human use in the last two decades. Recent advances in the understanding of how innate mechanisms influence the adaptive immunity have led to a more rational design of new adjuvant formulations. One of the key features of an efficient adjuvant formulation is the activation of innate immunity by PAMPs and DAMPs and it seems that the presence of redundant signals leads to more efficient priming of protective and long-lasting immunity against a pathogen. The combination of several adjuvants has proven to be an efficient strategy for delivery of multiple activation signals and some adjuvant systems are already used in vaccines available for human use. However, such adjuvant formulations can significantly enhance the cost of production of vaccines, which makes their use in lowincome countries quite difficult. It is thus crucial to keep in mind that all the recent advances in the understanding of the mechanisms of action of adjuvants must be translated into products that developing countries can afford. Otherwise, the great majority of the world's population will not gain any benefit from this knowledge. In this regard, one example of an alternative approach for the production of a low-cost adjuvant is the production of MPL derived from LPS obtained from B. pertussis. This LPS is a by-product of the process for the production of the whole cell pertussis vaccine with lower endotoxin content (wP low ) and therefore a vaccine and an adjuvant are obtained in a same production plant in a single fermentation. Moreover, this MPL combined with seasonal or pandemic influenza vaccines was effective in mice and was able to reduce the amount of antigen necessary for achieving protective titers (76, 77) . Reduction of antigen content can then lead to a substantial increase in the number of vaccine doses produced, a very important issue in the case of pandemics, or to extend the vaccination programs to other target populations at risk. Another strategy that can be cost-effective is to present several signals for the activation of the innate immune system during the immunization with a purified antigen through the simple co-administration with whole-organism vaccines that are already licensed and proven to be safe. The combination of wP (alone or as a component of DTP) with the pneumococcal antigen PspA triggering protective responses against a pneumococcal challenge in mice is one example of such strategy. Such a combined vaccine would also have a very low production cost, which would greatly facilitate its use in developing countries and would thus have a major impact on public health.
A final and important consideration is that any new vaccine formulation derived from low-cost and efficient adjuvants must be extensively tested for safety, since, in principle, they could be pro-inflammatory. This is an important concern for maintaining high levels of confidence in vaccines (78) , which are usually greater among populations in developing countries than in industrialized countries (79) . Taking into account all of these features will permit the introduction of new essential vaccines and the maintenance of the current programs always based on and supported by impartial and unbiased epidemiological studies.
